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A numbct of mission syslctn architectures have been
sluclicd for a l’]uto  flyby mission, with the g,oal of
achieving the most cost ef[cctivc  means of meeting a
Ivc]l defiIlcd set of scicncc  and lccllnology objm-
[ ivcs. ‘1 ‘hc corrcnt  l’luto 1 ixprcss approach at JI’1,
incorporates emerging new technologies to reduce
COS[, mass, power, and volume, without sacrificing
pctformancc,  science, or operations capability. “1’he
clcsign has evolved through a number of option
studies  involving an cxtcnsivc trade space which
inclodes alternate power sources and varioos pr-
opulsion  and trajectory options. ‘1’he  results of this
trade s[ucly have been coupled with a new dcvclcp-
mcnt il~~]>lctl~c]]tatio]~ approach to create a highly
integrated concurrently engineered mission sys[em
called a “scicncccrafi.  ” ‘1’hc  current approach results
in a Scicncccraft Module with dry mass of less than
100 kg, power consumption of lCSS than 100 watts,
and functional simplicity to achieve high reliability,
operability, and a low total mission cost.

1 N’J’ROI )UC’I’1ON

Since 1992, a pre-project effort has been underway
at J1’1, to clcvclop a P]oto flyby mission system dc-
sip,il which wou]d pus}l the state of the art in 10W
mass advat~ced technologies. ‘1’hc  goal is now to
ct]able an exciting science mission with a flight time
of on the order often years using only a medium
si~,ed launch vehicle in order to keep clown launch
costs. Constant prcssme to keep lowering total n]is-
sion costs has led to a continuing ckwlotion ofthc
flipfl~t system, mission, and oper:itions arcbitcctorc.
AI] integrated illl~>lcr]]c]~tatio~]  team, a co-located
design ccntcr with concurrent cnginccrin.g  tools, and
a clcvclcrpmcllt testbcd for the flight system and
ground systems arc kcy elements bcinp, LISCCI by the
l)luto 1 ixpress  ‘1’cam to lower the dcvclopmcnt  and
opcrat ions COSIS of both hardwar c and software.

‘1’hc corrcnt plan is to have two launches to l’lute,
each carlying,  one flight syslcm and possibly, at-

——

tachcd probes. ‘1 ‘hc probes woold bc I clcasecl at
l’]uto and Chat on, or perhaps even at 10 on the way
out to l)lO1O. 1 ligh resolution visible and 11< images,
llV spectra, an(i uplink radio scicncc  phase shift clata
will bc taken during tllc high speed l)luto/Charon
cnccmntcrs  an(i stored on board for later transnlission
to 1 ;arth over several weeks. ‘1’hcn  the flight systems
will be targeted to encoontcr onc or more Kuipcr
l)isk objects as they continue thcirjoort)cys  out into
interstellar space.

NcwI  breakthrooplm in advanced tcchmlogy  spacw
craft conlponcnts,  electronics, ancl sofl~vare  allow for
the development of a sophisticated, fully redundant
outer planet rxplorer with a clry mass of under 100
kg,, not includinp, the IYopolsion  Modolc. Adval~cccl
technology development efforts foncled  by NASA ill
the last few years have brought many of these key
ncw tcchnolog,ics to near flight readiness. SOIIIC  of
the most important developments include a nliniator-
izc(i high efl~cicncy  tclccon~municatio]ls sobsystem,
a radiation hardmcd  RISC nmltichip modole  Ad-
vanced Flight Computer (AFC), integrated Multi-
Chip Module (MCM) microelectronics, low mass
and low power highly intcgtatcd multispcctral  sci-
ence instrotnellts,  autonomous spacecraft operations
software, a new generation of monolithic ultralight
composite structures, advanced radioisotope electric
conversion technology, anti llcacon  Cruise mission
operations that utili~e on-board self-mo]]itoring ancl
self-commanding. Many of these technologies arc
being pathfindcd  by NASA’s Ncw Millennium 1’1o-
gram (NMP).

[M~er enahlinp, tccbnologics result from break-
throughs  by the Ilallistic  Missile I)cfcnsc (hgani~~-
tion (lIMIK)). Miniature propulsion systcm work by
IIMIx3 has been expanded to incluclc development
of tiny, low mass, long life, low impulse cold gas
throstcrs nccdccl to accurately co]ltrol  slnall spacw
crafl sent on distant ooter planet missions. Miniatutc
optical sensors and laser inertial mcasmcment dc-
viccs allow fol further reductions in spacecraft sim
anti mass. Pluto lixprcss soflwarc  will include a
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hi@ order commanding language and cumnt proto-
types usc SCI, (Spacecraft Gmmand  I ,anguagc)
dcmonstratccl succcssflllly  cm the CIcmcntinc 1 Mis-
sion.

MISSION I)IXIGN OP’1’10NS

‘1’hc prcfcrrcd  flight path for a fast Pluto mission
would bc a clircct ballistic trajcctcrry  with no plam-
tary flybys, which apprmimatcs  a straight lim path
bctwccn  the 1 larlh and Pluto. ‘1’his results in a rekr-
tivcly bcni~,n radiation cnvircmmcnt,  and allows for
very low cos[ mission operations since no gravity
assis[  flybys and fcw maneuvers arc cmtailcd. llow-
cvcr, for flight lin~cs unctcr tcn years this rcquim a
‘1’itan IV/Centaur or Proton class launch vchiclc with
at lcas[ onc additional upper slagc such m a Iypical
satellite pcrigcc raise motor. Unforlunatcly,  these
large rockets and upper stages arc too expensive in
today’s funding environment.

in orcicr to allow for lower cost missions on l)clla or
Molniya class launchers without the cxpcnsc  of an
upper s(a.gc, thclc arc other mission design options.
12Mh/.lupitcr p,ravity assist trajectories can achicvc
flight times of arouncl ten years, but require the
spacecraft to bc capab]c  ofsurvivil~~ significantly
higher radiation levels, and require a much larger
ollboard propulsion systcm. Another clrawback with
these trajcctcrrics is the amount of cfforl nccdcd to
cllsurc that the p~ obability of an 1 ;arth impact during
the 1 lartb flyby is acceptably low. A straight Jupiter
Gravity Assist (JGA)  trajcctoly is available for I)clta
and Molniya  class launchers in 2003 and 2004. l’his
option offers simpler mission design and mission
operations, but an additional upper sta~c and its at-
tendant  cost is required.

‘1’here is an atttactivc option for a Venus/
Vclllls~crllls/JllJ>itcr  Gravity Assist (VVVJGA)
trajectory which avoicls an llarth flyby and can bc
launched on a I)clta or Molniya  class vchiclc  without
an upper stage, with a flight time of about 11.8
years, launching in March 2001. ‘1’here is a backup
Venus/Vemls/Jupiter Gravity Assist (VVJGA)
trajcc[ory  available in July 2002. ‘1’hcsc  options
] cquirc  a fairly Iargc chemical biprop propulsion
module, but that results in only a modest hardware
cost incrcasc over the small monoprop systcm which
would bc required for ‘1’CM’S  for any l’loto mission
option. Increased operations cost to support t}lc
more complex VVVJGA  mission, however, tend to
offset the savings from eliminating the upper stage
that would bc ~-cquircd for the 2003/2004 J(iA
tl-ajectory.

Solar lilcctric Propulsion (S1;1’) also proviclcs  at-
tractive optio]ls for getting to Pluto in about ten
years on a Solar lllcctric  Venus Gravit~r Assist
(SI;VGA)  trajectory with a I)clta or Molniya  class
vchic]c, especially after the year 2006 lvhcn Jupiter
will not again bc availab]c  for the 10WCX cost gravity
assist trajectories until 2013.  ‘1’here arc also at lcasl
two S11}’ launch opportunities, in 2002 and 2004,
for Solar 1 tlcctric Vcl~llsNcl~tls/J~lI~itcr Gravity As-
sist (SI;VVJGA)  trfijcctories, which call bc pcr-
forlncd  with a much sma]lcr and chcapcr S1;}’ Mcd-
ulc than that f(w the S1lVGA mission; holvcver,  this
option still appears to be more costly that) the
VVVJGA,  VVJGA,  or JGA options. S1 11’ can be
USCC1 to provi(ic tilrust out to about 2 All, after which
it is ciiscarcicci,

SCIIiNCl; OIIJJ; C”J’IV1;S AN1) SCII;NCliCI{A1’J
A1’I’R[)AC11

Pluto is the largest of a class ofprimordiai  bodies at
tbc edge of our Solar System which have cmnct-iikc
properties ami remain relatively unmodificxi  by
warming from the Sun, Pluto is thought to be con)-
positionaliy simiiar to Triton, tile largest moon of
Neptune, w’hicil  was reconnoitered by Voyager 2.
‘1’hcsc  two bodies may aiso bc simiiar  to Cilaron at
10 to 20 AIJ ancl the rcccntly discovcrcci  Kuipcr beit
objects out at 40 AIJ and bcyon(i.  All ofthcsc  ob-
jects  probably hold impo~-tant CIUCS to the origin of
comets ami the evolution ofthc  soiar systcm, Piuto
has a large moon, Charon, which has propatics  very
different from Piuto, and this biz,arrc double bociy
systcm may have rcsultcci from a catastrophic
planetary collision (1).

At the present time, Pluto }~as just passed pcrihciion
at 30 AU and is now moving farther away from tile
Sun on its way out to 50 ALJ. Stciiar occultation
observations have silowm that Pluto currently i~as a
temi>orary atmosphere now that it has bcctl warmcci
by the Sun during this very brief “summer” in its 248
year orbit. It is anticipatcci that these gasses wili
frecm out onto the pianet’s surface sometime over
ti]c next 2-3 dccadcs.  It is highly dcsirabic  to ob-
serve this atmosphere with UV and radio occultation
cxpcrimcnts before it disappears, and to observe
surface features and chemical makeup that may be
obscured if and w}lal the atmosphere collapses.
NASA’s Pluto Science Working Group has clcfincd a
minimum set of mcasurcmcnts to bc taken in order to
nlai> ti]c surfaces and dctcrminc the chemical coln-
position ofl’luto  and (Maron, and aiso to measure
the stluctutc ami composition ofl’luto’s atmosi)hcl-c
(2).
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Mccliug tbc scicnct  objectives at l’luto and its mom!
(’harm  calls for’ mu]ti-spectral imaging and spec-
troscopy  in visible, infrmcd  (1}{),  and ultraviolet
((lV)wavclcngths.  ‘I’echnology dcvelopn~cntsatc
WCII unclcr’wayto  cnablc a highly intcgratcci  scicncc
package thal delivers Voyager-class performance for
a mass ofundcr  7 kg and a J~owcr  oflcss  than 6
watts. }<csolutior  ~forvisibl  cimagingi splannccito
bcaboul  1 kmatadistancco  flOO,OOOkm,bc  for-c
closcs( aiy)roac hwhcnthc  spacccraftcarl  observe
llc:illyt llc\vllolcl  iglltc(ll lclllis]>l)crc.  Closest ap-
proach is planned at 15,000 km with a flyby velocity
ofaround  15 km/see.

Af[cr  the I’luto  cncountcr and data playback have
bcca complctcd, it is intended that tbc fli~bt systcm
c:ll~l>c talgctcdt o~)crforl~~  ancxter~dcd-mission
flyby cnc.omtcr of oac or more Kuipcr Belt objects
on itswayou[ into intcrstcllarspacc.  ‘l’hcinstruma~-
ta[ion planned for Pluto would also bc ideal for icl-
vcstigation  ofthcsc  rcccntly discovered rnystcrious
ol>jcc(s for CIUCS to tbcir origin and significance to
comet formation aod Solar Systcn~cvohltior~.

A ]]CW ill~}~lcl~~clltatiorl approach is being used for
l’luto l;xprcss whcr cby the Scicr~cc team and Mi+
sion opcrationst  camwill bcintcgratcd  withthc
spacccraf(  dcvclopmcnt team very carlyinthc(icsigtl
phase. ‘I’hisis  tocnsur  ctbatth cspacccraftwillbc
optimixcd around thcscicrlcc  mcasurcmcrltstobc
take!], and that the flight systcm will bc dcsigncci to
bcmotccasi]y opcrab]c  duringthcmission.  COo-

verscly,  Scicncc and Mission Opcrations team rmm-
bcrs will have greater visibility into spacecraft cngi-
nccring issues and bc more willing to moderate and
tailor their rcquircrncnts  in order to achicvc  a Iowcr
cost total sys(cm  design. ‘1’hc  scicncc package is to
bc al] integral pm-t of the spacecraft, and they may
share common clcmcntsrathcrthan  bcstand-alone
]nodolcs. ‘I’hisapproac  hwasconccive  dbyl)avicl
]{ogcrs,  l’at 1 ]cauchamp,  1,arry Sodcrblom,  and Greg
Vane in an cfforl to incrcasc mission performance
and dccrcasc cost, ‘J’hc  resulting flight systcm is
called a “sciencccrati” rather than a spacccrafi.

MISSION ‘lRAl)li  SI’Ul)ll N

l’luto  1 ixprcss has been analyzing a number of cp-
tions fol flight systcm and mission architectures for
ill~~~lcl~lcl~til~gafast flyby ofl}luto. Table I shows
the trade space corlsidcrcd for the option studies,
lklcl)oflhc 1’7rows  depicts or~cofthc  dimcr~sionsof
the tladc space, with the altcmativcs cor]sidcrcd  for-

tbatdimcnsion.  ‘I’l~cclil~~cl~ siol~sw}~ic}~l lavct}lc
greatest impact on mission cost arc the launch vchi-
clc, thcuppc rstagc,  andthcpowc.r  source. “l’rajcc.-
tory type is a major driver in mission design, but the
trajectory usccl is basically dcpcndant  on the launch
vclliclc all(ltlJJIJcr s[ageclloscl}. Opcrationscost,
which can bc significant ina 12 ycarrnissiorl,  arc
most heavily clrivca by scicmccraft  and mission de-
sign.

‘1’here arc several billion possible mission options
th:it could bc derived from this trade space, but for
purposes of t}~is study, the SCVCI) basic options shrew I
in’1’ablc2 were choscrl  to illtltllillatclirl]at were con-
siclcrcd to bctllcrnost  fruitful arcasofthctradc
space. optiorrsw itha 1 indica[ca radioisotope
power source, and options with a 2 arc solar pow-
ered. optionswit  hal)utilizca solid rockct  upper
stagcan darccitbcrdircct trajcctoryor  JGA. 0p-
tior~s with an N bavc no upper stage, and options
with an S utilize a S111’ module for propulsion. C)p-
tion 3 was all attempt to define the lowest cost mk-
sion to achicvc the scicncc objectives with a single
flight system aod without necessarily achieving the
tcchno]ogy  o[>jcctivcs.  optiorl 4 was to examine the
chcapcsl  possible mission to Pluto that would scncl
back :iny scicncc  at all. It is interesting that there
was not much money to bc savcci by scvcrcly
dcscoping  the science, since the baseline scicncc
ol~jcctivcs can bc achicvccl by using an advarlccd
tcchno]ogy  integrated instrument with a modest cost
compared to instruments traditionally flown on
planetary missions.

‘1’able 3 presents a qualitative cvaluat ion of the scverl
basic optior~s, with a fcw ot}lcr derivative options.
I )ctailcd cost estimates were performed for these
cases, but the actual cost numbers arc not presented
here bccausc  NASA and JI’I.  have not yet arrived at
any cost ccm~mitmcnts for performing these possible
missions. From the standpoint of mission cost and
risk, Optiom 11) and lN and their clcrivativcs appcat
to bc the most attractive. ‘1’hc Option 2 variations
entail substantial operational risk duc to the ex-
tremely  limited energy available at Pluto -- energy
that WOUICI  prove insufticicnt f(v keeping the spacw
craft alive duriog rccovcry  from a major in-flight
anomaly or loss of attitude control. Option 3 is
somewhat lCSS cxpcnsivc,  because it only has one
flight systcm, but that also lowers tbc probability of
mission SLICCCSS for a tcn year mission and is there-
fore considered Icss attractive at this time.
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for option 1 N consists of a Scicncecraft Module
(comprised of both harclwarc and software), a Pm-
pulsion Module, and attached probes. l’he major
hardware clcmcnts  arc dcj~ictcd in the functional
clement layout shown in Figure  1. In this diagraln,
scicncccratl components are classified into three
major groups: sensors, electronics, and motive cffec-
tors.  ‘1’hcsc  elements arc integrated together inside of
a structural and thermal cnc]osurc.  Addition:il]y,  a
power source provides electrical and thermal cner~y
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to the sciencccrafi  system.

II is planned that many of the electronic components

Legend + is good
0 is marginal
. Is bad

Table 3: I’lUIO lh+rcss  “1’rade Study F,valuation  Matrix will bc integrated into a three dimensional
stack of Multi-Chip Modules (MCM’S) to greatly
I CCIUCC  the volume, mass, and the amount of cabling
J cquired. ‘1’hc  small size also significantly rcduccs
the mass of any additional radiation shielding re-
quired. I’his  MCM stack will consist ofihe Scicncc-
crafl 1 lata Subsystem (SDS) with its block redundant
flight computer and solid state mass rncmc,ry, and

OP-l’ION  IN ];1 ,I(ill’1’ SYSTIIM I)];S]~N

I/or a launch in the 2001/2002 time frame, Option 1 N
is currcnt]y  considered to be the most cost effective
and lowest risk means of achieving the desired sci-
cncc goals at l’luto. I’hc scicncecrafl flight system
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powct control  electronics for instruments, clectrorl-
ics, and pyrotcclmic initiators. It is anticipalccl  that
the valve driver clc.ctronics for the propu]sivc
thrusters and tbc ‘1’clecolllllltltlicatioll Subsystem
electronics wi]l bc hoLlscd  in separate electronic
packages to rcducc intcrfcrencc problems with the
other subsystems.

‘1’hr Sciencccrafl Mociulc  dry mass is estimated to bc
about 95 kg, including a 300/0 contingency. “1’here  arc
a llumbcr  of cliffcrcnt  power modes, depending on
mission pbasc, but tbc peak power usage during o~-
cmuntcr is about 75 watts, inc.] uding  a 1 So/O contirl-
gcncy. Mass and power cstilnatcs arc summarized in
‘J’ab]c 4.

—.. .—. —-. .——
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0.80 kg
2.20 kg

5.4okg
Lookg
0.50 kg

62.07 kg

2860 kg
19.00 kg
25.60 kg
5.40 kg
5.50 kg
1.50kg

306.00 kg
9073 kg

15.00  kg
15.00 kg

S74.4 kg_—

—.—.
Power

29.0 W

120W

L5W
4 Ow
02 \+’
25 \v

6.0 W
2 4 W

1 Ow

50M’
Low’

64.6 W
1.OW

13.1 w

78.7 W

Mechanical I)csign atld ‘1’c~rlpcraturc  Control

“J’hc  flight systcm configuration, shown in liigurc 2, is
(lol~~irlatcd  bytl]c  I’ropulsioll Modlllc. A ccnttal
structural core corltairls  twollclitllll  }>rcssllrallt tanks
for the fuc] and cxidizer, and a nitrogen tank for atti-
tuclccontrolp  ropcl]ant. “I’hisstructurc also suppor(s
the fue] and oxidizer tanks on the outside with struts.
At the bottom ofthc Propulsion Module is the main
cngincancl  attitude control thrustc~s.  ‘J’hcl’repulsion
Mo(iulc structure would bc used to mount ]’luto
wd/or  10 probes and their radio relay hardware.

Mounted to the top oftbc Propulsion MOdUIC  is a
lnodu]a  rbusstructur  ecompriscd  offour’trapezoidal
I]ancls fabricated from a graphic composite material.
one ofthc  panc]s is used to mount the scicncc pack-
agcontbccxterior. Another pane] isuscd  to support
tclccoll~l~~L)~~icatio~~  components on the interior and
tcmpcraturc  control louvers onthccxterior.  ‘I’hc in-
terior of lhc otbcr two panels support gyros, valve
cirivcr c]cctronics,  and tbc integrated MCM microe-
lectronics  package, while the exterior surfidcc of onc
oftl]csc panclssupports  tbcstarscllsors.  Mountcdto
thcto])oftbebus  isa ].5metcrc  iiamctcrparabolic
1 Iigh Gain Antenna (l IGA) which is used for crm)-
municationst  oaclistancco  f30Astronomical  (Jnits

FIIGH  GAJN  ANTENNA
\
g /4

(Q,z.[  1 ‘ /’),:  ><
+“..<j/”  &<.

SCIENCE PACKAGE I ‘o l(J.

1// lit
(< (> SCIENCECRAF1  BUS

,,<v
\

WAR  SENSORS

‘,
i

PROPULSION
MODULE

MAIN ENGINE ,/ \,

Figurc2:  l’lllto  lixprcssoptiol~  ]NScictlwcraf[



(1 AL) ~ 150 millio))  km) from lbc liar(l)  and bc~ond.
‘] ’l~is ad\mnccd composite ullraligbt  11(;A is also used
as a sunshade for the nip, bl syslcm dLIIiIl~,  operations
bcI\vccn 0.6 All  and 1 AU.

III option  1 N, a 100 watt electric Radioisotope
]’ow’cr  Soorcc (1{1’S) is mounteci to the l’mpulsion
Module so that some of its 500 wratts  of tbcwnal o\lt-
ptlt ca}l be osc(i to warm lelll~>cr:ttlllc’-clitic:il cic-
mc]~ls SIIC1l  as propulsion components, tbc propellant
tanks, and electronics in the bus. Ra(iiatc(i  i~cat from
[hc l{l)S is diwctcd and controlled by h4ulti-1 ,aycr
lnsalation  (hll 1) blallkcts and louvers to crca{c scv-
cra] thcwnal  ZO])CS,  Some Ra(iioisotope 1 leatct LInits
(i<l 1[1’s) \vould also be nccctcci for tcmpcmtutc coll-
lrol. Aoaiysis indicates that this design can maintain
Mnpcratores  \vitbin spccificaticm  Witi) Iiltlc or no ose
of electrical bcatmx, over a range of 0.6 to 30 All
from the sun. ‘1’his represents a factor of 3,700 ciif-
fcrcncc  in solar illumillation.

Scicnccct’afl I)zita Subsystem

‘1’lw scicncccraf(  avionics consist of a number  of
slandardizcci MCM’s which \\’iil be integtatcci k)-
p,cti~cr in a three dimensional stack as sl]o\vn  in 1:~,-
urc 3. ‘1’bis moduiar stacking gycatly (iccrcascs the

.

VOiLIIIK and mass of electronics and IcdLIces tbc mass
of cablinp, :il](i connectors. Sipyifican[ pl-ogtcss  has
been m:i(ic in this cicvcioptnct)t,  and prototyiw
hf[’M’s for tl~c Acivancc(i l’light  Computer (AI’C)
imvc aitcaciy been producc(i. ‘1 i~c AFC is cut-t cnliy
iluill~~, t ca(iicci fol fliplll  otl ti~c ‘1’RW l,c]{i,!  Silacccl afl
:il~(i tl~c New Miiicl~nium  I)ccp Space 1 (i) S- 1 ) mis-
sion.  Si~,l)ais  arc CarI icci bctwccII  tl)c  M(’M’s  ti)IOLIKi I
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telminals a[ tbcir i>crimctm. It isimimrtant  loslml-
(iar(ii~ctllc l(Jcatiollsoftilc]>{~\\’ct  an(i (iatatcrminais
in orcicrtc) lllailllaitl llloci~ll:lrity an(i arcl~itcclul;tl
flexibility in this nc\v packa~inp  tccbTJoio~,y.

“il~cSciencecrafl  lMtaSubsys[etu  (SIJS)\\ill  ha\’c
l\\v  i(icntica]  processors, onc for ellg,inccring  an(i ti]c
(Jtbcv forscicncc.  ‘1’here \viii fiisotlct \\’olcci\ltl(iallt”
l)l(]cksc)f2(itJilJ)l<Ah4 “solids  tatcrccc~r(ic[’’fot
stotinp,scicnce :i]l(i ctlp,illcctillg,(i:ita.  “1’hc t\~t) conl-
imtrrs ami tbcir larg,r ciata storap,e memorirs a] c cIoss
s(t:{ll]>c(ilop,ctllcr sotbat  onci>roccsso!  canlaLc oIl aii

i~lnctions in Iilc event ofa fiiiiure  anti access boll]
IIICI1)O1-Y  blocks.

Attitmic Control

Altitude control pointinp,  capability is cstim[itc(i  to be
2n11aci  \vitlla  ratccollttc)io  flO~[ra(l/seco rt>cttcl (3
si~ma). ‘I’l~is iscirivcll bytisii>lei l~~agil~p an(i Ill
lllal>l>illg sl>cctlc)lllctryr  e(lllirctllel~tsto  achieve 1 km
rcsololionat  100,000km from Plato. ‘I’hcpt  imary
reference forpointitlgisa star sensor \\i~icb is uscci to
iI]l:igc \*’llate\’cr star ficlci Iirsitl  itsvimvarea,  (’cI)-
troids of (he st:irs al-e calcuiiitcd+ an(i ti]c imttrl J) is
compared (o a star map stmwi onboar(i  to caiculatc
thcoricntation  ofttlcscicllcecrzift,  lnordctto
acllic\’c tilcdcsired  }loilllillg accLiracy,  lhisiwoccss
\\filltakc placca170Llt cvery400mscc( 2.5 117).

I)uring  ‘1’rajcctory Correction Maneuvers (’l’CM’s),
cicita V burns, or cluring,  some cmcrgcncy  scenarios,
li~e attitude rcfcrcnce is taken over by an ]ncrtiai  Rcf-
erencellnit witllabias il~stal~iiity ofat>ot]t  loper
bour(3  sigma). Stlllscl}sors areillclLlcicci olltllc
sciencccraft  to bclp with initial attitude acquitilion
following launch, anti for ccltaitl cmcrgcncy  rccovcry
scenarios,

l’luto lixprcss plans to utilin the advanced tecbno-
op,y Smali l)cci~ Space ‘1’ranspon(ier (S1)S’1’) for
cc~lllll]lillicatiotls  withthc  l{artb. “I’bis  unit employs
Monolitilic Microwave Ill[cgratc’ci  Circuits (h4h41(”s)
implemcntc(i on MCM’sat  very smali massand  vol-
ume. ‘1’hcout]mt  ofthc Sl)S’I’\viil fccd GaAs
P] liiM’1’ (1’scll(lol~~orl~llic  1 ligb Ilicctroll Mobility
‘1’rallsistor) Solici State 1’OWCI Amplificls (SSI’A’S).
lli~lil~k  is X-bzi)~dat7.l  Gl]z,at~cl(lo\\’t-llit~kis
planncxi  to ha\c both X-ban(i anti Ka-ban(i capai>ility



*
IAA-1  ,-0603

figuratiot~ used. llcl~cfits oftllcit~crcasccl  data rates
fimn possibly using a larger 1 IGA arc bc.ing cvalu-
atcd and will bctraciwl off against thcmassincrcasc
\vl~icl) \+otlldrcstllt.  AI.owGai~~AT~tcl~l]a(I,GA)
an(i a sinp,lc-axis  stccrablc Mcciiunl CTain Antenna
(MGA)  arc includcci  to aiiow col~lllltlllicatiolls  early
in tbc mission in situations where the IIGA is not
pointc(  i(iircctl  yat I;arlb. ‘I’hisis  ncccicdforinitiai
acquisition after Iaunc.il, for cruise inside 1 A(J, and
forccrtain  cmcrgcncy scenarios. Aftcrthefligh[
systcmp asscsthcorbit of Mars, thcl,GAwili no
im~.gcr  bc abic to provide a data link, and the opera-
tions must  cicpcnd on the llGA and MGA.

I’OWCI

A Radioisotope 1’ow’cr  Source (1<1’S) using heat from
raciioactivc decay to gcncratc cicctricity is the most
robust tccimology  available today for providing reli-
able power at edge of the soiar systcm and out into
intcrstcilar si)acc. Raclioisotopc generator technology
uscdfor<ialil~o,  Uly.sses,and [’assinii  susablcfor
tilc[)ption  IN1’iutojnissionat  about a7%conver-
sioncfficicncy.  Morcacivancccl  convcrtcrtcchno]o-
gics arc being dcvciopcd  tc) incrcasc the efficiency of
ti]csc clcviccs up to about 209i0, and enabling the
l’luto IN scicncccraf[  option to fly a much ligbtcr
power source with about 25 times less radioisotope
material than (’msini, in part cluctolowerpowcr
usage.

]’repulsion

‘1’0 achieve fine pointing control of a iow mass flight
systcm with very smali moments of inertia, it is ncr-
essary to have cxtrcmcly low impulse thrusters so
that the vchicic is not overly torqucd when they fire.
1.ong li fc dry nitrogen cold gas thrusters that provide
a force of oniy 0.0045 N arc currently being cicvci -
opcci forthcl’iuto mission. l’hc total amount of gas
required forprovidin  gattitudccontrol ovcrtbctcn
ycarmissioni slcsst ban 1 kg.

l;or ‘1’rajcctory Correction Maneuvers (l’CM’s) and
large clclta V burns, a 500 N biiwopcllant main cn-
gincwillbcuscci.  Scparatc high prcssurehe]ium
tanks pressurize the hydrazinc ancl nitrogen tetroxide
tanks that feed tbc main engine and ti~c twelve 10 N
‘1’hrust  Vector Controi (J’VC)  thrusters,

SO1rl’WAl{l:

‘1’hc  two most imi>ortant design ccmsidcrations  for
Pluto 1 lxprcss software arc low cost dcvclopmcnt  ancl

iow cost operations. 1,OW cost dcvclopmcnt  is to bc
achieved througil usc of a tcstbcd early in the design
pr occss and by ]cvcraging  rcusab]c  software and
Commcrciai  Off ‘J’hc  Shelf (CO’lS)  products, lo
achicvc iow cost operations, Artificial lnte]iigcncc
(Al) based methods arc being developed to create a
higbiy robust and autonomous flight systcm. Similar
flig,hl anti grouncl software architectures wiii allow
easy migration of functions from the ground to the
fligbl systcm.  An emphasis on concurrent enginca-
ing of flight anti grounci systems early in tile cicsign
iwoccss  will proclucc a highly opcrab]c scicncccraft to
further lo\ver  life cycic cost.

Sc)ftwarc dcvciopmcnt  for Pluto 1 ixpi-ess has already
begun through evolutionary, r~pid jwototyping X-
tivitics in a tcstbcci environment. F’iight software
prototypes running on a target processor intcrfacc
\vith subsystem simulations through flight-like me+
sage passing software. As breadboard subsystem
llarclwarc  bcccnncs  avaiiablc, it will bc integrated into
the end-to-end systcm. Ncw capabilities wiii bc ccl]-
tinuous]y integrated to improve the overall fidelity
anti to crcatc a working cnd-to-cnci  protot.ypc  before
assen]bly of the flight version of the scicncccraft bc-
{:ins.

A significant amount of Pluto lixpress flight sofiwarc
wili bc dcvclopcd  and uplinkcd  af[cr iaunch. It is
}Iighly unlikc]y that the code running in the scicnm-
cratl during encounter in 2013 wiii bc code dcsi~ncd
J)rc-launch,  ‘1’o  provide for this nccdcd  flcxibiiity,
the flight data systcm is designed for robtlstncss  in-
cluding significant margins in program memory,
MIPS, and bulk ciata storage. In addition, the flight
software architecture is being designed to acconuno-
ciatc years of post launch changes,

A’1”1’ACIlliIl  1’}{0111;S

I discussions have been held with the Space Research
institute (lKi)  in Russia about the possibility of hav-
ing tbc Ploto scicncccrafl deliver a Russian probe,
calicd a “J )rop 7.end, ” to Pluto. l’hc flight systcm
\vouid bc inilialiy put on a course to impact Pluto,
and then about 30 days out from encounter, the I)rop
Zond would bc oriented, spun up for stabilization,
and reicascd to fly on its own. “1’hcn tile nlain
scicncccrafl  wouid perform a dctlcc.tion maneuver
and bc retargctcd  to miss Pluto and CXCCLltC  its nonli-
I Ial flyby cncount  cr.

As the I)rop Zoncl nears PIUIO,  tile n)ain  scicncccrafl
would rcceivc  encounter data transmitted by the Y,onci
and store it on board the S1)S I)RAM. ‘1’hc Z,ond
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would perform in-situ nmasurements  of l’luto’s ti -
mcmphcrc and take images of the planet as it closed
in. lnlagcs would bc received right up until the point
of probe clcshwction  or loss of signal, similar to the
Ranger moon n~issicms. Aflcr lhc Pluto encounter is
complctccl, the Zond data would bc played back for
transmission to Iiarth.

I)iscussions arc also taking place with the German
Space Agency regarding the possibility of delivering
a German probe to Io during the gravity assist nM-
ncuvcr  on the way to Pluto.

Ml SSION 01’1  ;RA”1’1ONS  ANI)  AUTONOMY

in order to greatly rcclucc the cost of mission opera-
tions during the long flight to Pluto, a concept has
been dcvclopcd  called IIcacon  Cruise (3). It is
planned that tbc 1 lGA will continuously bc pointed at
the I ;arth during cruise with the rccciver operating
and the transmitter broadcasting suppressed carrier
with onc of four possible. tones. Iiach tone represents
the urgency at which the scicncccrafl is requesting
ground action to schcdu]c  a telel~let~/collllllat~d
track. ‘J”hc  four tones/four Ievcls of urgency arc:

1{1  11) ‘l’rack as soon as possible
YI }1 ,1 ,Ow ‘l’rack within a certain time
ORANGII Track when convenient
GR1 H iN No tracking required

‘1 ‘his carrier will bc receivable by smaller ground
antennas and simpler [yound stations than arc na-
mally associated with deep space missions, so that
much of the scicncccraft }lcalth monitoring can bc
performed on a loosely schcdtlled  basis by colleges
or otbcr non-l)ccp  Space Network (DSN) facilities.
1 f the beacon indicating a problcm  is rcceivcd,  then
the scicncccraft will bc tracked more intensively by
the 1 )SN,  and an emergency response team will bc
assembled to resolve the problcm.

]n order for beacon monitor operations to bccomc
viable., the spacccrafi must bc robust enough to allow
it to go long periods without assistance from the
grouncl. Onboard autonomy technologies will allow
the spacecraft to react adaptively to onboard events
and to sununarizc cffcctivcly any behaviors that must
bc conmnmicatcd to ground operators. I’hese con-
cise sunmlarics  of cnginccring tclemetly will provide.
grouncl personnel with a complete understanding of
onboard  events ]cading up to an interesting event or
anomaly.

Ilcacon monitol operations will result in a much
smaller ground team and ICSS DSN tracking during
the mission cruise phase. l’he operations staff will
dccreasc gradually during the cruise phase and will
remain very small until a few months before tbc
I’]ut o/Charon encounters.

SLJMMARY

AcJvanccd technologies arc enabling a ncw class of
highly c.apablc low mass scicncecraft capable of
opening Llp the solar systcm to low cost cxp]oration
tlom distances of very near the Sun, all the way out
into interstellar space. New clcvelopmcnts in flight
systcm autonomy and Mission Operations are ex-
pcctcd to drastically rcducc the workforcc and cost
I cquired to track and operate tbcse vehicles. ‘1’hc
l’luto program hopes to capitalize on these opportu-
rtitics to visit the last unexplored p]anct in our Solar
Systcnl and possibly explore Kuiper Belt objects on
its way out into interstellar space.

ACKNOW1  ,I;DGMflN’1’S

Many people On the Pluto Iixpress I’eam contributed
to the work dcscribcd  herein and provided assistance
to this publication, including I)oug Ab)aham, 1,con
Alkalai,  Steve Ilrcwstcr, Greg Carr, Savio Chau,
Shawn Goodn]an, Volodya  Gotlib, Paul I Icnry,
hlar[y I lcrman, G]cn Kissel, 1,inda 1,icvense, Slava
I inkin,  I;d Mastal, Robert Miyakc, Annette Nasif,
Fritz Ncubaucr, Candida Nuncz, Oleg Papkov,  1,con
Strand, and Mark lJndcrwood.

‘J’hc work described in this paper was performed at
tile Jet Propulsion laboratory, California Institute of
‘J’ethnology, under contract with the National Acro-
niiL]tics  and Space Administration.

1, McKinnon, W. B., “’J’he Origin of the Pluto
Charon I]inary,” Astrophysical Journal, 344, p.
1/41, 1989.

2. Stcnl, A., “Pluto JWconnaissancc  Flyby Mis-
sion,” 110S, Vol. 74, 1993, pp. 73, 76-78.

3. Wyatt, J. and Carraway,  J., “Ilcacon  Monitor Ap-
proach to Spacecraft Mission Operations,” Pro-
ceedings of the 1 st Jntcrnational  Symposium on
Reducing the Cost of Spacecraft Ground Systems
:ind Operations, Oxford 1 ;ngland, 1995.


